This study investigates the cold-rolling effect on the formation of Ti(Ni,Cu) 2 precipitates and on the change of transformation temperatures for hot-rolled (HR)/annealed (HRA) and HR/cold-rolled/annealed (CRA) Ti 50 Ni 40 Cu 10 specimens. Particle-like Ti(Ni,Cu) 2 precipitates formed in CRA are more numerous and smaller than plate-like Ti(Ni,Cu) 2 precipitates formed in HRA and thus the hardness and storage modulus of the former are higher. The broader transformation peaks exhibited in CRA compared to HRA can be explained by the assistance of the tensile stress field around the plate-like Ti(Ni,Cu) 2 precipitates. The different transformation peak temperatures of B2!B19 and B19!B19 0 in between HRA and CRA result from the different Cu content in the matrix. A relaxation peak appears in CRA with the activation energy of 64.4 kJ/mol. The cold-rolling process may be an important factor in enhancing the appearance of the relaxation peak.
Introduction
Ti 50 Ni 50Àx Cu x shape memory alloys (SMAs) with x < 30 at% have been investigated extensively in the view of improving shape memory effect (SME) and superelasticity (SE). [1] [2] [3] [4] [5] [6] [7] The substitution of Cu for Ni has been known to reduce the following: (1) the hysteresis of SE, (2) the flow stress level in the martensite and (3) the composition sensitivity of the starting temperature for martensitic transformation, M S . 8) Transformation sequences of Ti 50 Ni 50Àx Cu x SMAs are B2 !B19 0 , B2 !B19 !B19 0 and B2 ! B19 for x < 5, 5 5 x 5 20 and x > 20 at%, respectively. 3, 4, 9, 10) Here B2 is the parent phase, B19 and B19 0 are orthorhombic and monoclinic martensites, respectively.
Studies of Ni-rich TiNiCu-based SMAs with bulk materials 6, [11] [12] [13] [14] and thin films [15] [16] [17] [18] [19] have found Ti(Ni,Cu) 2 C11 b -type precipitates in these annealed SMAs. The orientation relationships between B2 parent phase and Ti(Ni,Cu) 2 precipitates are ½100 B2 == ½100 Ti(Ni,Cu) 2 and ½001 B2 == ½001 Ti(Ni,Cu) 2 with a habit plane {001} B2 .
11) Transformation behaviors 11, [14] [15] [16] [17] [18] [19] and deformation characteristics 6, 12) of annealed Ni-rich TiNiCu-based SMAs are significantly affected by the composition change in the matrix and the local stress field induced by Ti(Ni,Cu) 2 precipitates. However, up to now, the cold-rolling effect on the formation of Ti(Ni,Cu) 2 precipitates and that on the subsequent changes of transformation behavior and mechanical properties have yet to be systematically investigated. In the present study, transformation temperature, a hardness test, microstructure observation and chemical composition analysis of hot-rolled (HR), HR/annealed (HRA) and HR/cold-rolled/annealed (CRA) Ti 50 Ni 40 Cu 10 specimens are investigated by transmission electron microscopy (TEM) equipped with an energy dispersive spectrometer (EDS), differential scanning calorimetry (DSC), dynamic mechanical analyzer (DMA) and microvickers hardness tester. In addition, this study discusses the cold-rolling effect on the formation of Ti(Ni,Cu) 2 precipitates, martensitic transformation peak temperatures of B2!B19 and B19!B19 0 transformations and the hardness of parent phase/martensite.
Experimental Procedure
Ti 50 Ni 40 Cu 10 alloy ingot was prepared by a conventional vacuum arc remelter (VAR) in which high-purity Ti (99.8 mass%), Ni (99.9 mass%) and Cu (99.99 mass%) were carefully weighed and remelted six times with a pure Ti getter in a high-purity Ar atmosphere. The as-melted ingot was hot-rolled at 900 C to a plate of about 2.0 mm in thickness by a STANAT TA-515-5-5X8 rolling machine at a constant rolling speed of 10 m/min. The hot-rolled plate was solution-treated at 900 C for 1 h and subsequently quenched into water. The plate was cut into strips of 75 mm in length and 25 mm in width with the longitude running along the hot-rolling direction. Some of the strips were cold-rolled at room temperature along the hot-rolling direction with 30% thickness reduction. The hot-rolled and cold-rolled strips were then sealed in evacuated quartz tubes and annealed at 650 C for 72 h. These were HRA and CRA strips. The HRA and CRA strips were cut into DMA specimens with a size of 40 mm in length and 5.3 mm in width. At the same time, specimens with a weight of about 30 mg were also cut from these strips for the DSC test.
A FEI Tecnai G 2 200 TEM equipped with EDS at 200 kV was used for microstructure observations. TEM specimens were prepared by double-jet electropolishing using an electrolyte solution of 20 vol% sulfuric acid and 80 vol% methanol under 0 $ 10 C. The applied voltage and current for electropolishing were 20 V and 10 mA, respectively. The chemical composition analyses of the matrix and precipitates were determined from the average of at least 10 EDS measurements for each TEM specimen. Transformation temperatures of HRA and CRA specimens were determined by TA Q10 DSC equipment at a 10 C/min cooling rate.
Their internal friction (tan) and storage modulus (E 0 ) values were determined by TA 2980 DMA equipment at a 3 C/min cooling rate under a 1 Hz frequency and 5 mm amplitude. The testing temperature range used in both DSC and DMA tests was from +140 to À120 C. Microvickers hardness (Hv) was measured by a Mitutoyo HM micro-Vickers hardness tester with the applied load and time being 500 g and 15 s, respectively. Specimens for hardness tests were polished by up to #2000 sandpapers. In order to measure the hardness at the B2 phase, specimens were heated in boiling water first, after which the hardness test proceeded as soon as possible. The Hv hardness values were determined from the average of at least 5 measurements for each specimen. Table 1 . From Fig. 1 (a) and Table 1 , only typical Ti 2 Ni precipitates, which are formed during the solidification process, can be observed in the HR specimen. Although the original composition of the ingot was carefully weighed as the stoichiometric Ti 50 Ni 40 Cu 10 , the matrix composition of the HR specimen changed to be the slightly off-stoichiometric Ti 49:76 Ni 39:88 Cu 10:36 due to the formation of Ti 2 Ni precipitates. Thus, the HR specimen became a Ni-rich TiNiCu SMA.
From Fig. 1 (b) and Table 1 , in addition to Ti 2 Ni precipitates, two variants of white plate-like Ti(Ni,Cu) 2 precipitates which are mutually perpendicular can be observed in the HRA specimen. Fukuda et al.
11) investigated the transformation behavior of 600 C annealed Ti 49:5 Ni 40:5 Cu 10 bulk alloy affected by Ti(Ni,Cu) 2 precipitates. They found that the Ti(Ni,Cu) 2 precipitates have an orientation relationship with the matrix. They also calculated the lattice mismatch between precipitates and the matrix and pointed out that the different extent of coherency is the main cause of the mutually perpendicular morphology of Ti(Ni,Cu) 2 precipitates. Furthermore, they indicated that the lattice mismatch Temperature, T / °C peak at higher temperature; while B19!B19 0 transformation corresponds to a significant but broad tan peak, a small E 0 drop and a diffusive, insignificant DSC peak at lower temperature. 20) In this study, transformation peak temperatures of B2!B19 and B19!B19 0 transformations are designated as T 1 and T 2 , respectively.
Also from Figs. 2 and 3 , by the assistance of the extrapolation of the tan curve (dot lines), the full widths of half maximum (FWHM) of the B2!B19 transformation peak for HRA and CRA specimens are calculated to be 18.1 C and 7.9 C, respectively; while those of the B19!B19 0 transformation peak are 81.1 C and 66.8 C, respectively. This indicates that the B2!B19 and B19! B19 0 transformation peaks of the HRA specimen are distinctly broader than those of the CRA specimen. This broadening behavior will be discussed later in Section 3.4. Meanwhile, the E 0 softening during martensitic transformations of the CRA specimen is more obvious than that of the HRA specimen due to the fact that the HRA specimen has broader transformation peaks. The E 0 values of the HRA specimen in the parent phase (at 90 C) and in the martensite phase (at À90 C) are lower than those of the CRA specimen. The hardness test shows that the Hv values of HRA and CRA specimens at the parent phase are 262 and 286, respectively. From these results, one can find that the strength of the CRA specimen is higher than that of the HRA specimen. This is consistent with the trend of the E 0 values at the parent phase and martensite phase. 21) They proposed that the large broad tan peak of B19!B19 0 transformation is due to the overlap of the relaxation peak and B19!B19 0 transformation peak. 21) Comparing Fig. 4(a) to Fig. 4(b) , in addition to B2!B19 and B19!B19 0 transformation peaks, there is a tan peak appearing at about À50 C in the CRA specimen. The peak heights of both B2!B19 and B19!B19 0 transformation decrease with increasing frequency, but their peak temperatures do not show significant change (as indicated by the vertical dot lines in Figs. 4(a) and 4(b) ). Moreover, in Fig. 4(b) , the À50 C peak shows obvious frequency dependence and its peak temperature increases with increasing frequency (as indicated by the arrow in Fig. 4(b) ) which indicates that the À50 C peak is a relaxation peak. 22) However, the peak temperatures of B19!B19 0 transformation in the HRA specimen show a little frequency dependence (as indicated by the arrow in Fig. 4(a) ). In Fig. 4 , the study of DMA frequency dependence indicates that the large broad tan peak of B19!B19 0 transformation exhibited in HRA and CRA specimens is due to the overlap of the relaxation peak and B19!B19 0 transformation peak. Comparing the 20 Hz curve in Figs. 4(a) and 4(b) , the maximal tan values of the relaxation peak and B19!B19 0 transformation peak are 0.060 and 0.067, respectively, in the CRA specimen; however, the maximal tan value of the B19!B19 0 transformation peak overlapped with the relaxation peak (they are combined together) is only 0.061 in the HRA specimen. This characteristic indicates that the relaxation peak intensity in the CRA specimen is obviously larger than that of the HRA specimen. For the relaxation process, peak temperature T p can be used to determine activation energy E with the following equation: where !, (, f , ( 0 , E and k B , are the angular frequency, the relaxation time, the frequency, the relaxation time constant, the activation energy for the relaxation process and the Boltzmann constant, respectively. From Fig. 4(b) , the natural logarithm of frequency (lnf ) vs. the inverse of T p (1=T p ) is plotted in Fig. 4(c) and the fitted straight line is determined by the least square method. From Fig. 4(c) , one can find a good linear fitting between lnf and 1=T p which also supports the assertion that the À50 C peak is a relaxation peak. Moreover, from the slope of the fitted line, E can be determined to be 64.4 kJ/mol which is close to that of Ti 50 Ni 30 Cu 20 SMA 22) and 500 C Â 48 h annealed Ti 49 Ni 41 Cu 10 SMA.
14)
The relaxation peak observed in the CRA specimen is closely related to cold-rolling defects. Fan et al. 22) investigated the internal friction of Ti 50 Ni 50Àx Cu x SMAs. They pointed out that hydrogen is essential for the appearance of the relaxation peak and hydrogen is introduced in normal heat treatment by the chemical reaction of residual H 2 O in a quartz tube with Ti at high temperature. In the present study, we proposed that cold-rolling defects may assist the absorption and diffusion of hydrogen which can also be introduced by the same way as mentioned in Ref. 22 ). This feature may hint that the cold-rolling process is an important factor in enhancing the appearance of the relaxation peak in TiNi-based SMAs.
Cold-rolling effect on transformation temperature
of annealed Ti 50 Ni 40 Cu 10 specimens Cold-rolling process can generate high-density defects, large residual stresses and lattice distortion in specimen. These defects can act as nucleation sites for precipitates. Therefore, the CRA specimen has more nucleation sites for Ti(Ni,Cu) 2 precipitates and thus gets more but smaller precipitates than the HRA specimen. Meanwhile, the total volume of Ti(Ni,Cu) 2 precipitates is found to be higher in the CRA specimen than in the HRA specimen. This is confirmed by the following evidence: (1) From Table 1 , the CRA specimen has higher Ti content in the matrix than the HR and HRA specimens. Because the composition of Ti(Ni,Cu) 2 precipitates is Ti : (Ni,Cu) ¼ 1 : 2, the greater the volume of Ti(Ni,Cu) 2 precipitates is, the higher the Ti content left in the matrix. (2) Also from Table 1 , the Cu content in the matrix of the CRA specimen is the lowest among these three specimens. Because the Cu content of Ti(Ni,Cu) 2 precipitates is much higher than that of the matrix, the formation of Ti(Ni,Cu) 2 precipitates leads to Cu depletion in the matrix.
As mentioned in Section 3.1, Ti(Ni,Cu) 2 precipitates in the HRA specimen have an orientation relationship with the matrix, but this characteristic does not appear in the CRA specimen and no remarkable stress field around precipitates can be observed. From Fig. 2 , the transformation peaks of the HRA specimen are broader than the CRA specimen. This feature is closely related to the tensile stress field around the plate-like Ti(Ni,Cu) 2 precipitates. 11) In the region near the precipitates, martensitic transformation occurs at a higher temperature due to the assistance of the tensile stress field; while in the region far from the precipitates, it appears at a lower temperature since it is out of the reach of the tensile stress field. Table 1 , T 2 of the CRA specimen is higher than that of the HRA specimen and the Cu content in the matrix of the CRA specimen is lower than that of the HRA specimen, at 9.32 at% and 9.91 at%, respectively. Therefore, the decrease of Cu content in the matrix caused by Ti(Ni,Cu) 2 precipitates in the CRA specimen is the reason for the increase of T 2 and thus the decrease of ÁT.
Conclusions
This study systematically investigates the cold-rolling effect on the formation of Ti(Ni,Cu) 2 precipitates and on the subsequent changes of transformation behavior and the hardness for hot-rolled (HR)/annealed (HRA) and HR/ cold-rolled/annealed (CRA) Ti 50 Ni 40 Cu 10 specimens. Since cold-rolling defects can act as nucleation sites for precipitates, experimental results show that particle-like Ti(Ni,Cu) 2 precipitates formed in CRA specimen are more and smaller than plate-like Ti(Ni,Cu) 2 precipitates formed in HRA specimen. At the same time, the total volume of Ti(Ni,Cu) 2 precipitates in the CRA specimen is higher than that in the HRA specimen because the CRA specimen has higher Ti content and lower Cu content in the matrix. Experimental results also reveal that E 0 values and Hv hardness at the parent phase and/or martensite phase in the CRA specimen is higher than those in the HRA specimen due to the fact that the former has higher dispersion hardening and more Ti(Ni,Cu) 2 precipitates. The broad transformation peaks observed in the HRA specimen, but not in the CRA specimen, can be explained by the formation of plate-like Ti(Ni,Cu) 2 precipitates in the HRA specimen, because these precipitates have a tensile stress field around them. The difference of ÁT between HRA and CRA specimens results from the different extent of the increase in T 2 which can be explained by the change of Cu content in the matrix due to the formation of Ti(Ni,Cu) 2 precipitates. DMA curves show a relaxation peak appearing in the CRA specimen. The activation energy for the relaxation peak is calculated as 64.4 kJ/mol which is close to the reported values of TiNiCu-based SMAs. The cold-rolling process may be an important factor in enhancing the appearance of the relaxation peak in TiNi-based SMAs.
